Abstract -This paper proposes the controller design for a stability improvement of an on-board battery charger. The system is comprised of a power factor correction (PFC) circuit and phase shift full-bridge DC-DC converter. The PFC circuit performs the control of the DC-link voltage and the input power factor. The DC-DC converter regulates the voltage and the current in the battery using the DC-link voltage. This paper proposes the design method of PI controller for the PFC circuit using a small signal model. The analysis and design of a type-three controller for the DC-DC converter is also presented. A simulation and experiment has been performed on the on-board battery charger and their results are presented to verify the validity of the proposed system.
Introduction
Electric vehicles (EVs) are propelled by an electric motor that is supplied with power from a rechargeable battery [1] [2] [3] . Performance characteristics required for many EV specifications far exceed the capabilities of conventional battery systems: cost, weight, driving range and reliability of the vehicle are strongly influenced by the characteristics of the battery. However, as battery technology improves, the charging of these batteries becomes very complicated due to the high voltages and currents involved in the system and also by the sophisticated charging algorithms [4, 5] .
Plug-in hybrid vehicles and electrical vehicles (PHEVs and PEVs) use the household power to charge its battery [6] . For a charging of the battery, an on-board charger (OBC) is installed in PHEVs or PEVs. The on-board charger has the capacity about 3kW considering the current limit of the household power. Because it is mounted on the vehicle, miniaturization, weight lightening and highefficiency is mostly important [7] . In general, the OBC is composed of DC-AC inverter and DC-DC converter. A power factor correction (PFC) circuit based on boost converter is usually employed to the DC-AC inverter [8, 9] . The PFC circuit regulates the DC-link voltage constantly. And the DC-DC converter performs a control of the voltage and current in the battery [10] .
The on-board charger has twice frequency of the line frequency ripple in the DC-link voltage because the inductor current of PFC circuit oscillates to 120Hz for the PFC operation [11] . This ripple can make the disturbance of the voltage and current in the battery. A ripple component existing in the battery voltage and the current has a detrimental influence on the battery. As a result, economic loss arises from the reduced replacement cycle of the high-capacity battery. To reduce these ripples, the controller should have the fast dynamic response. However A typical PI controller has no choice but to take narrow bandwidth due to the system stability. When the bandwidth of the PI controller is excessively expended for the rejection of 120Hz (or 100Hz) ripple caused by the voltage ripple in the output of PFC inverter, the output voltage and current of the DC-DC converter can be oscillate caused by an LC-resonance of the output filter [12] . This paper proposes the controller design for stability improvement of an on-board battery charger. A design of the DC-AC inverter controller is presented. The smallsignal model of the boost converter is used to design the PI controller. Next, the design technique of the type-three controller for the DC-DC converter will be discoursed. This paper applies the type-three controller to improve the performance of the system. The designed controller is able to reduce the twice ripple of the output voltage and current without the stability problem. A simulation and experiment has been performed on the 3kW on-board battery charger and their results are presented to verify the validity of the proposed system. Fig. 1 shows the typical on-board battery charger. The on-board battery charger is connected to single phase AC grid in order to charge the battery to convert from the AC to DC power [13] [14] . For this operation, DC-AC inverter and DC-DC converter is applied to the system. Generally, a PFC circuit based on the boost converter is used to the DC-AC converter as shown in Fig. 1 . A boost converter regulate the inductor current which is rectified by the fullbridge diode rectifier to maintain the DC-link voltage constant. On the other hand, the DC-DC converter consists of the full-bridge converter, the high frequency transformer and the full-bridge rectifier. The full-bridge converter controls the output voltage and current for the battery charging. The detail of the system modeling and controller design is presented in this section.
System Design

DC-AC inverter
The circuit and controller of DC-AC inverter is shown in left part of the Fig. 1 . For the control of the DC-link voltage and input current, one voltage sensor and one current sensor are installed. The outer loop of the controller corrects the error in the DC-link voltage. The output of this loop becomes the command of the current controller which is the inner loop on the DC-AC inverter controller. The transfer function of outer loop of this controller is determined as
When the PI controller is used, the open loop transfer function of the system can be obtain as (2).
The PI gains can be selected by (2) and the standard form of the second order system is expressed by
where ζ is an undamped natural frequency and ω 0 is the cut-off frequency of the controller. The ω 0 is chosen considering the response speed of the DC-link voltage, where it is normally set under 100rad/sec.
The inductor current (I PFC ) is regulated by the inner loop controller tracking the output of the outer loop controller to obtain the constant DC-link voltage. In addition, this controller makes the pulsation inductor current for the power factor correction. To generate the same phase sinusoidal current with the source voltage in the system input, I PFC should be controlled correctly. Because the command of the this controller is twice the frequency of the line frequency, this controller should have the wide bandwidth. The transfer function of inductor current system can be expressed as
where L LPF is a filter inductance of DC-AC inverter and C dc is the capacitance of the DC-link.
To use the bode plot as shown in Fig. 2 , the PI gains of the current controller can be selected. The cross over frequency is selected at 10 kHz. In this condition, the phase margin of the system is 70˚ and the system can be stable.
DC-DC converter
The right parts of the For these operations, the DC-DC converter uses the DClink voltage to the source. The DC-link voltage includes twice the ripple of the line frequency caused by the characteristic of the PFC circuit. Therefore, the controllers should have the wide-bandwidth to reduce the effect of this ripple. If the DC-link voltage ripple is not considered in the controller design, the same frequency distortion in the output voltage (V o ) and current (I o ) is generated. These ripple component has a detrimental influence on the battery.
For the controller design, the system modeling should be preceded. The equivalent circuit of the DC-DC converter using average voltage model can be expressed by Fig. 4 . In  Fig. 4 , V in can be determined by the DC-link voltage (V dc ), duty ratio (d) and turn ratio (n) of the transformer. In this model, the transfer function of system is determined as
The system is an LC resonance circuit as shown in (5). At the frequency of resonance poles, the magnitude response decreases by 40dB/decade. When the equivalent series resistance (ESR) of a filter capacitor is enough large, the system can be stable. However the ESR of the battery is very small because a film capacitor is usually used in the on-board battery charger. If the ESR is very small, the zero caused by ESR is located at the high frequency and it does not effect to the system stability. In this condition, the magnitude response decrease by 40db/decade after the resonance frequency. The controller should be designed to have the wide-bandwidth for the reduction of output ripples. However, a typical PI controller does not have a bandwidth over the resonance frequency. The type-three controller can be solution of these problems. The transfer function of type-three controller is represented as
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Fig . 5 shows the magnitude response of open-loop transfer function to obtain from (5) and (6) . The type-three controller has three poles and two zeros as shown in Fig. 5 . In region 1, the pole at the origin provides the integral gain to the system. It fulfills to correct the steady-state error. On the other hand, two zeros of the controller is located near the resonance frequency, it affects the system as the magnitude response is decreasing by 20db/decade. The controller is designed so that magnitude response crosses over in the region 2 between zeros and second poles. Then, the crossover frequency and phase margin at this frequency are determined complexly by zeros, poles and gain K of the controller. When zeros is selected, it should be considered not only the bandwidth of system but also the stability at the resonance frequency. Fig. 6 shows the bode diagram of the design example. In Fig. 6 , the phase margin at the crossover frequency is 90°, and the system is stable. However, the system can be unstable at the resonance frequency because the phase delay at the resonance frequency is over -180°, as shown in Fig 6. The stability of system can be improved by relocating of zeros of the system. If the zeros of the controller are located at the lower frequency, the phase delay can be compensated. Fig. 7 shows the bode diagram of the modified controller and system for an improvement of the stability.
In Fig. 7 , the location of zeros is adjusted to 300rad/sec, and the phase margin of system becomes 60°. If the frequency of zeros overly decreases, a performance of the controller deteriorates due to a decreasing of gain at the low frequency. The controller design is performed as follows. First the locations of zeros are determined to consider resonance frequency and low frequency gain of system. Then, the gain and pole is tuned with regard to controller performance at the crossover frequency.
Simulations
To confirm the validity of the proposed algorithm, a simulation has been performed using PSIM. The schematic of a simulation model shows in Fig. 8 . The controller is implemented by Visual C Studio and it is linked to PSIM schematic by DLL block. The simulation studies are operated under the conditions given in Table 1 . Fig. 9(a) shows the input voltage V in and current I in of the system when the inductor current I PFC is regulated constantly. I PFC tracks the current reference to almost DC value. Therefore, the input current in the grid is made by square wave. This operation has characteristics of the poor total harmonic distortion (THD) and power factor (PF) as shown in Fig. 9(a) . When the boost converter performs the power factor correction control, the I PFC is tracking the reference in order to oscillate by 120Hz as shown in Fig.  9(b) . Then, the I in is the sinusoidal waveform that has the same angle as the V in . In Fig. 9(b) , the THD and PF of I in is improved compare with Fig. 9(a) . Fig. 10 shows the voltage and current of DC-DC converter under ideal condition. The system only has the harmonics of the switching ripple and there are not any ripples of the other frequency. Fig. 10(a) shows the performance of the typical PI controller. The controller of 10(b) is more compensated compare with Fig. 10(a) . As a result, the ripple in the output voltage and current are almost eliminated. The ripple factor of output voltage is reduced by 3% of than in Fig. 10(a) . The performance of the wide bandwidth PI controller is shown Fig. 10(c) . The performance of wide bandwidth PI controller is similar as proposed controller. The ripple of the output voltage and current is almost compensated. However a practical system has a ripple of a various frequency. If the system is not stable due to LC resonance, the oscillation can be amplified at the resonant frequency. Fig. 11 shows the voltage and current of DC-DC converter under the practical condition. A white noise is injected to 1V in the measured output voltage. Fig. 11(a) shows the performance of the wide bandwidth PI controller. The system becomes unstable and the output voltage and currents are oscillating to the resonance frequency. Meanwhile, proposed controller is not unstable under practical condition as shown in Fig. 11(b) .
Experiments
Experiments were performed on the 3 kW on-board battery chargers that are shown in Fig. 12 . TMS320F28335 is used to build up the controller. The PFC circuit is a boost converter and the DC-DC converter is a phase shift type full-bridge converter. In Fig. 13 , Input circuit consist the filter inductor, sensors, relay and fuse. And the transformer series inductor substitutes the leakage inductance of transformer for a zero voltage switching. The experiment performed same condition as simulation. Fig. 13 shows the DC-link voltage (V dc ) and input current (I in ) of the on-board charger under a full load condition. The input current is sinusoidal through the power factor correction, and the DC-link voltage has 120Hz ripple.
The output voltage (V o ) of DC-DC converter with a typical PI controller is shown as Fig. 14. 120Hz ripple occurs at the output voltage caused by the oscillation of the DC-link voltage because the bandwidth of typical PI controller is very narrow. The ripple of output voltage is increasing proportionally to the output load, in Figs. 14(a) and (b). Fig. 15 shows the same waveform with the wide bandwidth PI controller. Since the crossover frequency is larger than 120Hz, the ripple of output voltage is reduced. However, the disturbance of resonance frequency (about 800Hz) is occurred which is caused by the LC-resonance.
As the output of the system approaches near the full load, this disturbance is increased as shown Fig. 15 . Fig. 16 shows the same waveform with proposed typethree controller. 120Hz ripple is decreased by 73 percent compare to a typical PI controller. This ripple does not increase proportionally to the load. The disturbance of resonance frequency is reduced by 62% compare to widebandwidth PI controller in the full load condition. In the light load condition, the peak to peak value of this disturbance is 12% of wide-bandwidth PI controller.
Conclusion
This paper proposed controller design scheme of the on board battery charger. In section 2.1, it was presented that the design method of controller for the DC-AC inverter using the small signal mode of the boost. In this section, the design technique of DC-link voltage and inductor current controller were explained respectively. It was also proposed in section 2.2 that the design method of the typethree controller for the DC-DC converter. The proposed controller reduce the twice ripple of the output voltage and current caused by the characteristic of the DC-AC inverter without the stability problem. A validity of proposed controller was verified via experimental results which is a comparison of the performance between a typical PI and proposed controller.
